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Introduction {#sec001}
============

Two-component signaling systems (TCS) regulate numerous bacterial responses to environmental signals. These biological machines typically contain a membrane associated sensor histidine kinase (SK) and a cognate cytoplasmic response regulator (RR) that function together to propagate a response that is facilitated by the phosphorylation and dephosphorylation of the RR by the dual-function SK \[[@pgen.1007714.ref001]\]. Following activation, RRs may function via different output domains, but the most common response is transcriptional regulation. Overall, TCS are critical for bacterial survival under varying environmental conditions and have well-established roles in metabolism, stress responses, virulence, motility, and many other physiological processes \[[@pgen.1007714.ref002]--[@pgen.1007714.ref009]\]. Despite the vast array of potential inputs and outputs, TCS have evolved to maintain remarkable specificity regarding phosphotransfer between cognate SK/RR pairs \[[@pgen.1007714.ref010]--[@pgen.1007714.ref012]\]. However, how TCS control the flow of information in the context of complex signaling networks within a given cell is less well-understood, especially in bacterial species with a high number of closely related TCS that have arisen from gene duplication.

One particularly important subfamily of RRs is known as the NtrC-like RRs, named after the nitrogen regulator NtrC of *Escherichia coli* and *Salmonella typhimurium* \[[@pgen.1007714.ref013], [@pgen.1007714.ref014]\]. This family of RRs is required for transcription initiation via interaction with RNA polymerase holoenzymes that specifically contain the σ^54^ sigma factor, which cannot initiate transcription on their own \[[@pgen.1007714.ref015]\]. Unlike typical RRs, NtrC-like RRs contain a central ATPase domain that is required for hexamer or heptamer oligomerization \[[@pgen.1007714.ref016]--[@pgen.1007714.ref020]\] and is necessary for transcriptional activation by providing the energy for opening of the transcriptional bubble \[[@pgen.1007714.ref021], [@pgen.1007714.ref022]\]. Also, NtrC-like RRs may cause significant DNA bending, may function at relatively large distances (100--1000 bp) from transcriptional start points, and have been demonstrated to bind DNA elements both upstream and downstream of the start point. Thus, NtrC-like RRs are thought to function similarly to eukaryotic transcriptional machinery and are known as bacterial enhancer binding proteins \[[@pgen.1007714.ref015], [@pgen.1007714.ref023]\].

NtrC-like RRs are important transcription factors in numerous bacterial species, though many bacteria encode only a limited repertoire. For example, *E*. *coli* encodes only four (NtrC, ZraR, AtoC, and GlrR). However, some bacteria, especially environmental species with large genomes, encode an expanded number of NtrC-like RRs \[[@pgen.1007714.ref024]\]. *Myxococcus xanthus*, a member of the δ-proteobacteria, encodes at least 27 *bona fide* NtrC-like RRs and a similar number of functionally related proteins that contain the σ^54^-interacting central ATPase domain but alternative sensing or output domains \[[@pgen.1007714.ref025], [@pgen.1007714.ref026]\]. It is believed many of the *M*. *xanthus* NtrC-like RRs arose via gene duplication and they are highly related at the nucleotide and amino acid level, making *M*. *xanthus* an ideal model organism to study how closely related signaling molecules maintain signaling fidelity or interact within complex networks \[[@pgen.1007714.ref027]\]. Indeed, several NtrC-like RRs and related proteins collectively described as NtrC-like activators (Nla) are known to coordinate development and motility of *M*. *xanthus* \[[@pgen.1007714.ref003], [@pgen.1007714.ref025], [@pgen.1007714.ref026], [@pgen.1007714.ref028]--[@pgen.1007714.ref036]\]. Consistent with the paradigm that TCS maintain signaling fidelity at the biochemical level, broad cross-phosphorylation (\"cross talk\") between these systems does not seem to occur in *M*. *xanthus* \[[@pgen.1007714.ref012]\]. This suggests the NtrC-like pathways of *M*. *xanthus* interact to modulate behavior at other levels, such as integration of environmental signals or overlapping transcriptional outputs. Based on this view, we hypothesized that additional regulation of the expression of motility genes should exist for *M*. *xanthus* which depends largely on motility for its survival and coordination of complex social behaviors such as multi-cellular development and predation.

One method of *M*. *xanthus* motility is dependent on Type-IV pili (T4P). This motility is thought to be strictly dependent on PilR, the RR of the PilSR TCS in many bacteria including *M*. *xanthus* and *Pseudomonas aeruginosa* \[[@pgen.1007714.ref005], [@pgen.1007714.ref006], [@pgen.1007714.ref026], [@pgen.1007714.ref035], [@pgen.1007714.ref037]\]. PilR is a member of the NtrC-like RR family and, under standard laboratory conditions, is necessary for transcription of *pilA* encoding the T4P monomer. In the absence of PilR, *M*. *xanthus* is unable to generate PilA and is therefore unable to move \[[@pgen.1007714.ref026], [@pgen.1007714.ref035]\]. However, in this study, we identify suppressor mutations in an *M*. *xanthus* Δ*pilR* strain that restore motility by activating a previously uncharacterized TCS. This system contains an NtrC-like RR (Mxan_4240) with no previously described function. We identified several independent mutations in *mxan_4240* that restore expression of *pilA*, and designate this gene *nmpR* ([N]{.ul}trC [M]{.ul}odulator of [P]{.ul}ili). Each mutation occurred in well-conserved domains within NmpR and likely affect activity by promoting or mimicking the phosphorylated RR state. Biochemical and genetic data also demonstrate that this NtrC-like RR is part of a complex signaling system that contains at least four components: an SK (Mxan_4246, NmpU), a potential phospho-sink protein with two isolated RR receiver domains (Mxan_4245, NmpT), a hybrid RR-SK (Mxan_4244, NmpS), and the output RR (Mxan_4240, NmpR).

Results {#sec002}
=======

Identification of suppressor mutants that restore *M*. *xanthus* motility in the absence of PilR {#sec003}
------------------------------------------------------------------------------------------------

We have previously demonstrated that two RRs (PilR and PilR2) encoded within the *pil* locus of *M*. *xanthus* are independently necessary for T4P-dependent social motility \[[@pgen.1007714.ref026]\]. In particular, the RR PilR (of the PilSR TCS) is necessary under standard laboratory conditions for expression of *pilA* encoding the major T4P subunit and is therefore essential for T4P-dependent motility \[[@pgen.1007714.ref026], [@pgen.1007714.ref035], [@pgen.1007714.ref038]\]. *M*. *xanthus* T4P-dependent motility is assayed on 0.5% agar and is readily distinguished as radial expansion from an initial colony inoculum. Strains that are unable to move on this medium do not expand and have a smooth, delineated colony edge \[[@pgen.1007714.ref039], [@pgen.1007714.ref040]\]. During the course of our previous studies \[[@pgen.1007714.ref026]\], we observed "flares" extending out from the edge of the *M*. *xanthus* Δ*pilR* colony indicating this otherwise non-motile strain acquired mutations allowing for restored motility ([Fig 1A](#pgen.1007714.g001){ref-type="fig"}). Because of growth and colony motility rates, we typically assess *M*. *xanthus* T4P-dependent motility over the course of two days, but these flares only developed after prolonged incubation (7--14 days) at 32°C. Suppressor mutant cells were isolated from individual flares by transferring a \~1 cm^2^ area from the leading edge to fresh 0.5% agar. Colonies were allowed to move away from the transferred spot to limit any potential contamination of the original Δ*pilR* strain and then transferred to broth medium for preparation for long-term storage and future characterization. All isolated suppressor mutants were confirmed by PCR to have maintained their original background deletion of *pilR*. Independent cultures of the parental Δ*pilR* strain were then spotted twice more (total n = 3) and suppressor mutant flares were again observed with similar kinetics (i.e. 7--14 days). At the same time, the non-motile Δ*pilA* strain was assayed, and no suppressor mutant flares were observed, as expected. Therefore, suppressor mutations must have occurred in a gene distinct from *pilR*, yet require *pilA*, and thereby represent *pilR*-bypass suppressor mutations.

![Characterization of *M*. *xanthus* Δ*pilR* suppressor mutants.\
(A) Representative suppressor mutations were observed after prolong incubation (7--14 days) on 0.5% agar. (B) Nine suppressor mutants were characterized for T4P-dependent motility related-phenotypes including motility rate (mm/day), sedimentation in static cultures reported as the percentage of lost absorbance at OD~600~ after 2 hours, and extracellular polysaccharide (EPS) production measured by the binding of Trypan blue to whole cells in solution and normalized to wild-type DZ2 which was set at 100%. All data represent the averages of at least 3 biological replicates. All suppressor mutant (C1-C9) measurements were significantly different (t-test, p\<0.05) from wild-type DZ2 and Δ*pilR* with the exception of the EPS production of C6, C8, and C9 which were not different from that of the wild-type DZ2. Western blot analysis of total PilA from whole cell lysates was normalized to total protein determined by Bradford assay. All lysates were on the same blot, developed together, and can be directly compared to each other.](pgen.1007714.g001){#pgen.1007714.g001}

Suppressor mutations restored production of exopolysaccharides, colony expansion, and sedimentation to the Δ*pilR* strain {#sec004}
-------------------------------------------------------------------------------------------------------------------------

To begin to determine the causative nature of restored motility in these suppressor strains, a subset of mutants was characterized for motility related phenotypes ([Fig 1B](#pgen.1007714.g001){ref-type="fig"}). A total of nine mutant strains were assayed for three phenotypes associated with wild-type *M*. *xanthus* T4P-dependent social motility: 1) motility rates as measured by colony expansion over the course of five days; 2) the production of extracellular polysaccharides (EPS) that are essential for orienting cells within swarming colonies, stimulating T4P retraction, and regulating cell reversals \[[@pgen.1007714.ref041], [@pgen.1007714.ref042]\]; and 3) the percentage of cells that display sedimentation in standing culture due to the "stickiness" of both T4P and EPS ([Fig 1B](#pgen.1007714.g001){ref-type="fig"}). All nine suppressor mutants displayed partial restoration of T4P-dependent motility, but at rates significantly lower than the wild-type cells. Similarly, all strains displayed varying levels of EPS production and sedimentation that were typically less than the wild-type but more than the Δ*pilR*. Collectively, these phenotypes strongly suggested that the restoration of motility to the suppressor mutant cells was due to their ability to produce T4P which requires production of the major pilin subunit, PilA. Indeed, anti-PilA immunoblot analyses of whole cell lysates of the nine suppressor mutants confirmed that they all produced near wild-type levels of PilA ([Fig 1C](#pgen.1007714.g001){ref-type="fig"}). Because *pilA* gene expression could have resulted from mutations in its promoter region, we sequenced the *pilA* promoter (186 bp upstream of the translation start codon) in each of these strains. This analysis revealed no mutations had arisen in this known promoter region. Collectively, we concluded that restoration of PilA production, T4P-dependent motility, EPS production, and sedimentation of *M*. *xanthus ΔpilR* cells must have arisen at a unique locus relative to the *pilA* promoter.

Whole genome sequencing revealed suppressor mutations localized within an uncharacterized TCS gene cluster {#sec005}
----------------------------------------------------------------------------------------------------------

To identify the location of the suppressor mutations, the nine characterized strains along with the wild-type *M*. *xanthus* DZ2 and Δ*pilR* parental strain were subjected to whole genome sequencing with the Illumina MiSeq platform. Raw sequences were assembled with SeqMan NGen (DNASTAR, Madison, WI) using the annotated *M*. *xanthus* DK1622 genome as a template \[[@pgen.1007714.ref027]\]. The sequence data resulted in \~60x coverage for each genome. Importantly, the Δ*pilR* parental strain had no mutations relative to the laboratory wild-type *M*. *xanthus* DZ2 strain, and the *pilR* deletion was reconfirmed in each suppressor. Seven of the nine suppressor strains had an identifiable mutation ([Table 1](#pgen.1007714.t001){ref-type="table"} and [Fig 2](#pgen.1007714.g002){ref-type="fig"}) in *mxan_4246* (*nmpU*) encoding a SK and one strain had a mutation in *mxan_4240* (*nmpR*) encoding an NtrC-like RR. As the gene number indicates, these genes are in close proximity on the chromosome ([Fig 2A](#pgen.1007714.g002){ref-type="fig"}). Mutations in the SK *nmpU* spanned the length of the gene and each resulted in either a premature stop codon or frame shift which we predict would result in truncated forms of the SK ([Table 1](#pgen.1007714.t001){ref-type="table"} and [Fig 2C](#pgen.1007714.g002){ref-type="fig"}). The single mutation identified in the RR *nmpR* was a missense mutation that changed a valine to glutamic acid at amino acid 87 (V87E) ([Table 1](#pgen.1007714.t001){ref-type="table"}, [Fig 2B](#pgen.1007714.g002){ref-type="fig"}).

![Suppressor mutations identified in uncharacterized TCS signaling genes.\
Suppressor strains were sequenced with the Illumina MiSeq platform and compared to the annotated *M*. *xanthus* DK1622 genome \[[@pgen.1007714.ref027]\]. (A) Genomic organization of the locus containing the RR gene *mxan_4240* (*nmpR*) (B) and SK gene *mxan_4246* (*nmpU*) (C). This locus also contains a gene encoding a protein with two RR receiver domains (*mxan_4245*, *nmpT*, RR-RR) and an atypical hybrid response regulator/sensor kinase (*mxan_4244*, *nmpS*, RR-SK). The results of the mutations are depicted (B and C): a missense mutation in *nmpR* (V87E) and premature stop codons (stop signs) or frameshifts (Δ-1) in *nmpU*. The location of the mutations within each protein is to scale. The positions of each domain of these proteins is also indicated by amino acid number (RR = response regulator receiver domain, Sigma54 activation = central ATPase that interacts with σ^54^, HTH_8 = DNA-binding helix-turn-helix, Protoglobin = putative heme binding sensor domain, HisKA = domain of histidine phosphorylation and SK dimerization, HK CA:9 = ATPase. All domain nomenclatures are based on the Mist 2.2 database \[[@pgen.1007714.ref087]\] and Pfam ([http://pfam.xfam.org](http://pfam.xfam.org/), \[[@pgen.1007714.ref093]\]). The strain designation (C1-C9) is the same as in [Table 1](#pgen.1007714.t001){ref-type="table"} and [Fig 1](#pgen.1007714.g001){ref-type="fig"}.](pgen.1007714.g002){#pgen.1007714.g002}
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###### *M*. *xanthus* Δ*pilR* suppressor mutations.

![](pgen.1007714.t001){#pgen.1007714.t001g}

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Strain                                    Mutation\                                        Locus           Gene Characteristic[\^](#t001fn002){ref-type="table-fn"}   Nucleotide change[^+^](#t001fn003){ref-type="table-fn"}   Amino acid change[^\$^](#t001fn004){ref-type="table-fn"}
                                            location[^&^](#t001fn001){ref-type="table-fn"}                                                                                                                                        
  ----------------------------------------- ------------------------------------------------ --------------- ---------------------------------------------------------- --------------------------------------------------------- ----------------------------------------------------------
  C1[\*](#t001fn005){ref-type="table-fn"}   NA                                                                                                                                                                                    

  C2                                        2377162\                                         *Intergenic*\   \                                                          TT to CC\                                                 \
                                            5207011                                          *mxan_4246*     SK                                                         C181T                                                     Q61Stop

  C3                                        5206543                                          *mxan_4246*     SK                                                         C649T                                                     Q217Stop

  C4                                        5206543                                          *mxan_4246*     SK                                                         C649T                                                     Q217Stop

  C5                                        5206345                                          *mxan_4246*     SK                                                         C847T                                                     Q283Stop

  C6                                        5206106                                          *mxan_4246*     SK                                                         Δ-1(1085)                                                 FS-361

  C7                                        5206087                                          *mxan_4246*     SK                                                         Δ-1(1104)                                                 FS-368

  C8                                        5206087\                                         *mxan_4246*\    SK\                                                        Δ-1(1104)\                                                FS-368\
                                            7443662                                          *mxan_6013*     DnaJ/PilZ                                                  C601T                                                     P201S

  C9                                        5199422                                          *mxan_4240*     Nla/RR                                                     T260A                                                     V87E
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

^&^, Mutation position based on *M*. *xanthus* DK1622 \[[@pgen.1007714.ref027]\].

\^, SK = sensor histidine kinase, Nla/RR (NtrC-like activator/Response regulator).

^+^, Nucleotide change listed as: consensus base/position in gene/suppressor mutation.

^\$^, Amino acid change listed as: consensus amino acid/position in protein/amino acid change; Stop (stop codon), FS (frame shift).

\*, NA = Not applicable, no mutation was identified.

Response regulator *nmpR* has a gain-of-function mutation {#sec006}
---------------------------------------------------------

Because the suppressors led to enhanced motility, we hypothesized that the amino acid change in the RR NmpR was the result of a gain-of-function mutation. To test this, we first constructed an in-frame *nmpR* deletion in the wild-type (*M*. *xanthus* DZ2), Δ*pilR*, and NmpRV87E strains. As expected, in the otherwise wild-type genetic background Δ*nmpR* cells remained motile ([Fig 3A](#pgen.1007714.g003){ref-type="fig"}) since the native copy of *pilR* remained intact. In the absence of *pilR*, deletion of *nmpR* had no effect and this strain remained non-motile ([Fig 3A](#pgen.1007714.g003){ref-type="fig"}). Finally, deletion of *nmpR*V87E in the suppressor strain resulted in a loss of motility ([Fig 3A](#pgen.1007714.g003){ref-type="fig"}). Together these data strongly suggested that the NmpR V87E substitution confer a gain-of-function and confirmed this mutation is responsible for the restoration of motility for the Δ*pilR* cells. Several additional attempts to develop suppressor mutants in the Δ*pilR*Δ*nmpR* strain were unsuccessful despite several passages on motility agar plates, strongly suggesting that under the conditions tested NmpR is the only additional RR that can restore *pilA* expression and motility of the Δ*pilR* strain.

![The NmpR V87E suppressor strain has a gain-of-function mutation.\
(A) In-frame *nmpR* deletions were constructed in the indicated strains and assayed for motility on 0.5% agar. All images depicted are after two days of motility. (B) Single copy complementation vectors were integrated at the Mx9 phage *attB* site and resulting strains assayed for motility. The p~Nat~ = 585 bp upstream of *mxan_4236* (See [Fig 2A](#pgen.1007714.g002){ref-type="fig"}) and p~High~ = 623 bp upstream of *mxan_4894*, *groES* \[[@pgen.1007714.ref043], [@pgen.1007714.ref044]\] (See S1 Fig). D54A is an unphosphorylatable form of NmpR and D54E is a phosphomimetic.](pgen.1007714.g003){#pgen.1007714.g003}

In order to determine if the NmpR V87E allele is sufficient to control expression of *pilA* and restore motility in the Δ*pilR*Δ*nmpR* mutant background, we generated a series of complementation constructs. Complementation of mutations was performed using expression constructs that are capable of integration in single copy at the *Mx9* phage attachment site (see [Materials and Methods](#sec014){ref-type="sec"}). Expression of a wild-type allele of *nmpR* from its putative native promoter (p~Nat~; 585 bp upstream of *mxan_4236*; [Fig 2A](#pgen.1007714.g002){ref-type="fig"}) or from a high expression promoter (p~High~; 623 bp upstream of *mxan_4894*, *groES* \[[@pgen.1007714.ref043], [@pgen.1007714.ref044]\]; [S1 Fig](#pgen.1007714.s003){ref-type="supplementary-material"}) was not able to restore motility to the Δ*pilR*Δ*nmpR* strain. In contrast, expression of *nmpR* V87E from its native promoter was sufficient to restore motility to Δ*pilR*Δ*nmpR* cells ([Fig 3B](#pgen.1007714.g003){ref-type="fig"}). Because RRs typically require phosphorylation for activity, we expressed the phosphomimetic mutant form of NmpR (D54E) and a non-phosphorylatable variant (D54A). The D54E mutant form was sufficient to restore motility while the D54A mutant form was not ([Fig 3B](#pgen.1007714.g003){ref-type="fig"}). Given that only the phosphomimetic version of NmpR (D54E) was capable of restoring motility, we hypothesize the suppressor variant (V87E) mimics or promotes an active conformation of this RR to restore *pilA* expression and motility to the Δ*pilR* strain.

Identification of additional *nmpR* mutations that restore T4P-dependent motility in the *M*. *xanthus* Δ*pilR* background {#sec007}
--------------------------------------------------------------------------------------------------------------------------

During the complementation experiments described above, we were unable to recover transformants expressing the *nmpR* V87E allele expressed from the p~High~ promoter in the absence of an endogenous copy of *nmpR*. This suggested to us that the NmpR gain-of-function is toxic to *M*. *xanthus* when over-produced. Nonetheless, we hypothesized that additional mutations in *nmpR* would lead to a similar gain-of-function and rationalized that over-expression of wild-type *nmpR* in the Δ*pilR* strain would reveal additional suppressor mutations as the endogenous allele of *nmpR* in this strain may provide protection from any detrimental consequences of constitutive activation of the heterologously expressed *nmpR*. As expected, over-expression of *nmpR* in Δ*pilR* did not restore motility, yet after prolonged incubation on 0.5% agar suppressor mutations were readily observed. These suppressor strains were isolated as before and confirmed to have restored T4P-dependent motility on fresh 0.5% agar. Subsequently, we selectively PCR amplified the over-expression *nmpR* construct (with a forward primer in the heterologous promoter to differentiate it from the wild-type allele) and sequenced. From this suppressor screen strategy, we were able to identify an additional nine independent, gain-of-function mutations in *nmpR* ([Fig 4](#pgen.1007714.g004){ref-type="fig"}). Importantly, in a subset of these strains, we also sequenced the wild-type *nmpR* and *nmpU* loci and found no mutations, indicating the restored motility was due to the identified mutations in the over-expression *nmpR* construct. These mutations clustered in the receiver domain, especially near the phosphorylation pocket, and also in the variable "Q-linker" \[[@pgen.1007714.ref045]\] domain that connects the receiver domain with the central σ^54^ activation domain ([Fig 4](#pgen.1007714.g004){ref-type="fig"}). Therefore, these mutations likely influence the activation of NmpR by promoting or mimicking the phosphorylated state. Another smaller cluster of mutations was identified near the C-terminus of the σ^54^ activation domain and in the low-homology linker between the activation domain and the helix-turn-helix domain, suggesting that these might change the ATPase activity and/or the DNA binding affinity ([Fig 4](#pgen.1007714.g004){ref-type="fig"}). Collectively, identification of these suppressor mutations in *nmpR* emphasizes a role for activated NmpR during modulation of *pilA* expression.

![Additional gain-of-function suppressor mutations identified in *nmpR*.\
The *M*. *xanthus* Δ*pilR* strain was transformed with p~High~-*nmpR*, and suppressor mutants with restored motility were isolated and subjected to targeted sequencing of the over-expression construct. The identified mutations are indicated in a linear depiction of the NmpR domains (A), in the primary amino acid sequence of NmpR (B and C), or unbiasedly modeled on the ribbon structure of NtrX of *Brucella abortus* \[[@pgen.1007714.ref051]\] with α-helices H1-H5 indicated (D and E). In panels B and C, the *E*. *coli* NtrC amino acid sequence is included for comparison and regions of interest in the protein sequence are indicated in red text and/or underlined including: the α-helix 4 of the RR receiver domain, the nearly 100% conserved RR amino acid pair of KP at 104/105, the variable Q-linker, the sensor II motif necessary for ATPase activity, and the low-homology linker between the sigma54 activation domain and helix-turn-helix. Mutations indicated with a \* were identified in suppressor mutants resulting from the NmpU Q283Stop Δ*nmpR* strain (See text and [Fig 5C](#pgen.1007714.g005){ref-type="fig"}). Finally, in panels D and E the same suppressor mutations of NmpR are indicated in red, the conserved aspartic acid that becomes phosphorylated in green, and the specificity residues \[[@pgen.1007714.ref011]\] of NmpR in blue.](pgen.1007714.g004){#pgen.1007714.g004}

The SK NmpU and RR NmpR are part of a complex signaling pathway with the atypical hybrid SK NmpS {#sec008}
------------------------------------------------------------------------------------------------

Nearly all of the initial suppressor mutants identified were in the gene *mxan_4246* encoding a SK that we have designated NmpU. However, within the same genomic locus is another SK that we have designated NmpS. Both of these SK were plausible candidates for cognate kinases of NmpR, so we sought to systematically and genetically determine if these signaling proteins are in a shared pathway. First, we deleted *nmpU* in several genetic backgrounds ([Fig 5](#pgen.1007714.g005){ref-type="fig"}). Deletion of *nmpU* did not impair motility in wild-type *M*. *xanthus* DZ2 ([Fig 5A](#pgen.1007714.g005){ref-type="fig"}), consistent with the phenotype of deletion of *nmpR* ([Fig 3A](#pgen.1007714.g003){ref-type="fig"}). This further emphasizes that in the presence of PilR, neither the SK NmpU or the RR NmpR is necessary for motility and both likely play modulatory roles under certain environmental conditions. In the context of the NmpRV87E suppressor, deletion of *nmpU* did not result in a loss of motility, indicating the V87E alteration of NmpR in this suppressor strain is "blind" to the activity of NmpU ([Fig 5A](#pgen.1007714.g005){ref-type="fig"}). Finally, deletion of the mutated allele of *nmpU* in the suppressor strain NmpUQ283Stop ([Table 1](#pgen.1007714.t001){ref-type="table"} and [Fig 2](#pgen.1007714.g002){ref-type="fig"}; C5) did not result in a loss of motility, consistent with the prediction that NmpU is non-functional in this strain ([Fig 5B](#pgen.1007714.g005){ref-type="fig"}).

![SK NmpU, RR-SK NmpS, and RR NmpR are in a single signaling pathway.\
Epistasis analysis demonstrates these signaling proteins are in a shared pathway. Mutations in various strains were constructed as depicted and motility assayed as before. Note especially that deletion of *nmpR* or *nmpS* is epistatic to a deleted or non-functional *nmpU* (B and D); that suppressor mutations in *nmpR* arose in the NmpUQ283Stop Δ*nmpS* strain (B and [Fig 4](#pgen.1007714.g004){ref-type="fig"}); and that deletion of *nmpU* is sufficient to restore motility in the Δ*pilR* parental strain (D). As before, over-expression of a phosphomimetic (D54E) NmpR is necessary to restore motility of a Δ*nmpR* strain (C). The motility image of the parental NmpRV87E strain (A) is a representative image reproduced from [Fig 3A](#pgen.1007714.g003){ref-type="fig"}.](pgen.1007714.g005){#pgen.1007714.g005}

To demonstrate NmpU and NmpR are in a shared pathway, we next performed epistasis analysis, combining in-frame *nmpU* and *nmpR* deletions. When *nmpR* was deleted in the NmpUQ283Stop suppressor strain, it caused a return to a non-motile phenotype ([Fig 5B](#pgen.1007714.g005){ref-type="fig"}). Therefore, Δ*nmpR* is epistatic to the *nmpU* suppressor mutation and is a downstream output of a signaling system containing NmpU. This epistasis was also observed in two additional *nmpU* suppressor strains (NmpUQ61Stop, C2 and NmpUQ217Stop, C4), indicating *nmpR* is the output regardless of the location of the *nmpU* mutation. Next, complementation experiments similar to those presented in [Fig 3B](#pgen.1007714.g003){ref-type="fig"} were conducted in the NmpUQ283Stop Δ*nmpR* strain ([Fig 5C](#pgen.1007714.g005){ref-type="fig"}). In this strain, complementation with wild-type *nmpR* expressed from its native promoter was sufficient to restore motility. However, over-expression of the wild-type allele from the p~High~ promoter was not sufficient. We interpreted this to mean that when over-expressed, most of the NmpR would be unphosphorylated, even in the suppressor background. This is consistent with observations mentioned above that the presumed stoichiometry of the active to non-active state of NmpR is critical to influence motility and the wild-type, unphosphorylated NmpR is dominant to the suppressor mutations. Indeed, when an unphosphorylatable *nmpR* (D54A) was over-expressed, motility was not restored, while over-expression of a phosphomimetic *nmpR* (D54E) was sufficient for restored motility ([Fig 5C](#pgen.1007714.g005){ref-type="fig"}).

Given that there are two additional TCS proteins encoded in the same genomic locus as *nmpU* and *nmpR* (*mxan_4244*, *nmpS*, and *mxan_4245*, *nmpT*; [Fig 2A](#pgen.1007714.g002){ref-type="fig"}), we sought to test whether the hybrid sensor kinase NmpS also plays a role in a signaling pathway that includes SK NmpU and RR NmpR. Returning to our epistasis analysis, deletion of *nmpS* in the NmpUQ283Stop returned it to a non-motile state ([Fig 5B and 5C](#pgen.1007714.g005){ref-type="fig"}). Therefore, Δ*nmpS* is also epistatic to the suppressor mutation of *nmpU* and is in a signaling pathway that includes the NmpU and NmpR. Remarkably, in the non-motile NmpUQ283Stop Δ*nmpS* strain ([Fig 5B](#pgen.1007714.g005){ref-type="fig"}), additional suppressor mutants developed and when sequenced were once again identified in *nmpR*, indicating that NmpR is the output of this multi-component signaling pathway. Activation of NmpR is sufficient to restore motility regardless of the loss of activity of the SKs NmpU or NmpS. Finally, epistasis analysis described here was recapitulated in the parental Δ*pilR* strain; deletion of *nmpU* was sufficient to restore motility, and deletion of *nmpS* or *nmpR* were epistatic to the *nmpU* deletion ([Fig 5D](#pgen.1007714.g005){ref-type="fig"}).

Phosphotransfer reveals specificity within the NmpRSTU multi-component system {#sec009}
-----------------------------------------------------------------------------

The epistasis analysis described above clearly demonstrated that NmpR, NmpS, and NmpU are in a single signaling pathway. Yet, we could not be sure of the flow of phosphoryl groups and therefore biochemical regulation of the pathway. To conclusively demonstrate which SK is communicating with which RR, we purified each signaling component of the pathway individually as His-tagged protein constructs. To limit the complexity of this initial analysis, only the kinase domains (i.e. no sensor domain) or response regulator receiver domains (i.e. no output domain) were purified. Following well-established protocols based on enzymatic kinase activity and radio-labeled ATP \[[@pgen.1007714.ref012]\], we performed *in vitro* autophosphorylation and phosphotransfer assays ([Fig 6](#pgen.1007714.g006){ref-type="fig"}). Indeed, both NmpS and NmpU displayed autokinase activity confirming they are active kinases ([Fig 6A](#pgen.1007714.g006){ref-type="fig"}). These SKs were then individually incubated pair-wise with each RR receiver domain. Based on the epistasis analysis, NmpU is the "top" kinase in the pathway and the phosphotransfer analysis supports this conclusion. NmpU phosphorylated the receiver domain of the hybrid SK NmpS but did not phosphorylate the receiver domain of the final signaling output NmpR ([Fig 6C](#pgen.1007714.g006){ref-type="fig"}). In addition, NmpU phosphorylated the first receiver domain of the dual receiver domain protein NmpT ([Fig 6B](#pgen.1007714.g006){ref-type="fig"}), consistent with results presented elsewhere \[[@pgen.1007714.ref046]\] and which we suggest means that NmpT is a phospho-sink of NmpU. In direct contrast to the activity of NmpU, the hybrid SK NmpS only phosphorylated the receiver domain of NmpR ([Fig 6D and 6E](#pgen.1007714.g006){ref-type="fig"}). NmpS did not phosphorylate its own receiver domain or either of the receiver domains of NmpT. Together the phosphotransfer data suggests signaling fidelity within this branched pathway is dictated by the specificity residues of the SK/RR pairs \[[@pgen.1007714.ref011]\]. The specificity residues of the first receiver domain of NmpT and the receiver domain of NmpS are nearly identical which likely explains the ability of NmpU to phosphorylate both ([Fig 6F](#pgen.1007714.g006){ref-type="fig"}). On the other hand, the unique specificity residues of NmpR support the observed phosphotransfer by only NmpS. Furthermore, the mutations identified in NmpR are not near the specificity residues ([Fig 4D](#pgen.1007714.g004){ref-type="fig"}) and the V87E amino acid change of NmpR did not affect the specificity of the pathway. NmpRV87E is still phosphorylated by NmpS, but not by NmpU ([Fig 6C and 6D](#pgen.1007714.g006){ref-type="fig"}). Thus, our data supports the assertion that the specificity residues determine phosphotransfer specificity even in the context of complex pathways.

![*In vitro* phosphotransfer in the NmpRSTU multi-component pathway.\
(A) The kinases NmpS and NmpU autophosphorylate in the presence of ATP-γP^32^ as seen by the accumulation of the radioactive phosphoryl group. NmpU specifically phosphorylates the first receiver domain of NmpT (RR1) and the receiver domain of NmpS (B and C). In contrast, NmpS only phosphorylates NmpR (D and E). Note the rapid kinetics of the phosphorylation of NmpR by NmpS (E). Also, the V87E amino acid change of NmpR does not affect the specificity of the phosphotransfer (C and E). The specificity residues \[[@pgen.1007714.ref010], [@pgen.1007714.ref011], [@pgen.1007714.ref096]\] of the SK domains of NmpS and NmpU and the corresponding specificity residues of the receiver domains of NmpR, NmpS, and NmpT further supports the observed phosphotransfer patterns (F).](pgen.1007714.g006){#pgen.1007714.g006}

The aspartic acid residue in the receiver domain of NmpS is dispensable for its autokinase activity {#sec010}
---------------------------------------------------------------------------------------------------

Based on the epistasis analysis and the phosphotransfer data presented above, we hypothesized that the RR receiver domain of the hybrid kinase NmpS acts as a "sensing domain" and that phosphorylation of this domain by NmpU maintains NmpS in an "off" conformation. To test this, we again took both a biochemical and genetic approach ([Fig 7](#pgen.1007714.g007){ref-type="fig"}). Full-length NmpS was purified and assayed in autokinase assays as described above. Full-length NmpS does indeed have baseline activity, indicating the amino-terminal RR receiver domain does not prevent autokinase activity *in vitro* ([Fig 7A](#pgen.1007714.g007){ref-type="fig"}). A NmpS construct containing a substitution at the conserved aspartic acid to alanine displayed greater activity than wild-type. Furthermore, complementation of the Δ*pilR* strain with a NmpS D59A construct was able to restore motility to this strain, while complementation with the full length wild-type NmpS did not ([Fig 7C](#pgen.1007714.g007){ref-type="fig"}). To date we have been unsuccessful in demonstrating direct regulation of NmpS kinase activity by phosphorylation of its receiver domain *in vitro* and more research will clarify the role of this RR receiver domain in signaling of this atypical SK. Yet, these data are consistent with the conclusion that the aspartic acid and its phosphorylation are not necessary *in vitro* or *in vivo* and that unphosphorylated NmpS (i.e. NmpS D59A) is the more active form of this SK.

![The conserved aspartic acid of the response regulator domain of NmpS is not necessary for kinase activity.\
(A) Full-length wild-type NmpS and a construct in which the conserved aspartic acid was substituted with an alanine (D59A) were used in an autokinase assay as in [Fig 6](#pgen.1007714.g006){ref-type="fig"}. The aspartic acid residue was not necessary for activity, supporting the conclusion that the unphosphorylated form of NmpS is the active state. A Coomasie stained gel is included demonstrating the same amount of kinase was in each reaction. (B and C) *M*. *xanthus* wild-type or the Δ*pilR* strain were transformed with NmpS or NmpS D59A over-expression constructs and only the NmpS D59A construct was able to rescue motility of Δ*pilR*. This again is consistent with the *in vitro* kinase activity (A) that supports the conclusion that the unphosphorylated form of NmpS is active.](pgen.1007714.g007){#pgen.1007714.g007}

NmpR binds specific promoters upstream of its own putative operon and upstream of *pilR* in the *M*. *xanthus pil* locus {#sec011}
------------------------------------------------------------------------------------------------------------------------

Having established the flow of phosphoryl groups through the multicomponent Nmp signaling system with *in vitro* kinase assays and epistasis analysis, we sought to establish the final NmpR output. That is, we tested whether NmpR directly regulates *pilA* or if the resulting suppressor phenotype is facilitated through an alternative indirect mechanism. To answer this question, full-length NmpR was purified and used in electromobility shift assays to determine the DNA regions that NmpR binds ([Fig 8](#pgen.1007714.g008){ref-type="fig"}). Initially, three probes were designed: the *pilA* promoter (-217 bp upstream of the *pilA* start site), the putative native promoter of *nmpR* upstream of *mxan_4236* ([Fig 2A](#pgen.1007714.g002){ref-type="fig"}; used for the complementation experiments), and the *groES* promoter as a negative control (again, the same region used for the complementation experiments, p~High~). As expected, increasing concentrations of NmpR did not shift the p*groES* probe. Conversely, a reproducible shift was evident with increasing concentrations of NmpR and the p*4236* probe. This suggests that NmpR is autoregulatory by binding to a promoter upstream of *mxan_4236*. Finally, contrary to our original hypothesis, NmpR did not shift the p*pilA* probe, suggesting that NmpR does not bind this region to directly regulate *pilA* ([Fig 8A](#pgen.1007714.g008){ref-type="fig"}).

![NmpR binds specific promoters upstream of its own putative operon and upstream of *pilR*.\
(A) NmpR binds to the promoter regions of *mxan_4236* (referred to elsewhere as p~Nat~---585 bp upstream of *mxan_4236*) (See also [Fig 2A](#pgen.1007714.g002){ref-type="fig"}), but not to that of the *pilA* promoter (217 bp upstream of *pilA*) or p*groES* (referred to elsewhere as pHigh---623 bp upstream of *mxan_4894*, *groES*). (B) NmpR binds specifically to a probe encompassing 800 bp upstream of *pilR* that includes a putative σ^54^ in the *pilS* open reading frame. The σ^54^ in the p*pilA* known to be utilized by PilR in a wild-type genomic context is also indicated. (C) Finally, NmpR binds only to a region within *pilS* upstream of the putative σ^54^ binding site. The sequence containing this NmpR-dependent promoter is necessary for the restored motility in the suppressor strains because deletion of *pilS* returned these strains to a non-motile phenotype (D and E). All shift assays depicted contained 200 fmol of DNA probe and increasing quantities of NmpR (0, 2, 8, 16, and 32 pmol, left to right). The exception is the p*groES* shift that includes the same quantities of NmpR but with a broader range (0, 2, 4, 8, 12, 16, 20, 24, 32 pmol, left to right). All gene lengths and locations, as well as probe length and location are to scale.](pgen.1007714.g008){#pgen.1007714.g008}

This observation suggested that the regulation of *pilA* in the suppressor strains might be indirect, for example by regulating the expression of a different transcription factor that in turn regulates *pilA*. Alternatively, NmpR could regulate another portion of the *pil* locus that would then explain its ability to restore motility in the suppressor strains, as nearly all genes within the *pil* locus are co-transcribed \[[@pgen.1007714.ref026]\]. Therefore, overlapping 800 bp DNA probes spanning the entire *pil* region upstream of *pilA* were generated and used in electromobility shift assays ([Fig 8B](#pgen.1007714.g008){ref-type="fig"}). NmpR shifted a probe containing 800 bp immediately upstream of *pilR* was specific; no other probe tested was bound by NmpR. A follow-up assay confirmed that NmpR does not bind within the *pilR* sequence but does bind a sequence upstream of a putative σ^54^ binding site within the *pilS* open reading frame. The potential σ^54^ binding site ([TGG]{.ul}CACGTGACG[TAC]{.ul}G) begins at -351 bp relative to the *pilR* start codon in wild-type *M*. *xanthus* and is positioned -537 bp from the *pilA* start codon in the Δ*pilR* strain. These results suggested that *pilS* contains an internal NmpR-dependent promoter for regulation of *pilR* that is utilized to rescue *pilA* expression and therefore motility in the Δ*pilR* suppressor strains. Indeed, when *pilS* was deleted in two suppressor backgrounds, the strains returned to a non-motile phenotype ([Fig 8D and 8E](#pgen.1007714.g008){ref-type="fig"}). Therefore the sequence containing the NmpR binding site is necessary for the suppressor phenotypes and strongly suggests that this promoter is NmpR-dependent, highly specific, and physiologically relevant.

NmpRSTU is a multicomponent signaling pathway that likely functions to regulate *pilR* expression, and therefore *pilA* expression and T4P-dependent motility, in response to oxygen {#sec012}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

In summary, the genetic and biochemical characterization of the NmpRSTU pathway leads us to propose a model ([Fig 9](#pgen.1007714.g009){ref-type="fig"}) whereby the "top" kinase NmpU phosphorylates NmpS to maintain it in an off state. NmpU also phosphorylates NmpT, though at this time it is unclear the role of NmpT as either a phospho-sink and/or inhibitor of the pathway. In the absence of phosphorylation of the NmpS RR receiver domain, NmpS is active and phosphorylates NmpR, making NmpRS a *bona fide* cognate SK-RR pair. NmpR appears to be autoregulatory, binding to the promoter of *mxan_4236* ([Fig 8A](#pgen.1007714.g008){ref-type="fig"}) and potentially other promoters throughout the *M*. *xanthus* genome. Critical to the role of NmpR in motility regulation, it binds a specific promoter upstream of *pilR* that we propose increases the relative concentration of PilR that in turn promotes *pilA* expression. Thus, NmpR indirectly modulates *pilA* expression during certain environmental conditions, likely changes in oxygen concentrations sensed by the protoglobin domain of NmpU. Perturbations of this pathway that alters the kinase activity, especially those that promote or mimic the phosphorylated state of NmpR, lead to *pilA* expression that rescues T4P-dependent motility in the absence of the otherwise necessary RR PilR.

![Model of the NmpRSTU multi-component signaling pathway.\
The presence of oxygen is sensed by the protoglobin domain of the SK NmpU. During high oxygen conditions, NmpU is "on", autophosphorylating and subsequently phosphorylating the receiver domain of the hybrid RR-SK NmpS. We propose this would maintain NmpS in an "off" state. Additionally, the first receiver domain of NmpT serves as a phospho-sink for NmpU. When oxygen is limiting, perhaps in certain soil types/depths or during multi-cellular development, NmpU switches to an "off" state, leading to the loss of phosphorylation of NmpS and turning "on" the second branch of the pathway. NmpS phosphorylation of the RR NmpR under these conditions activates NmpR leading to modulation of the expression of *pilR*, which in turn regulates *pilA* expression influencing T4P-dependent motility.](pgen.1007714.g009){#pgen.1007714.g009}

Discussion {#sec013}
==========

The NtrC-like RR family has been extensively studied and has served as a model protein for intramolecular structure-function dynamics \[[@pgen.1007714.ref018], [@pgen.1007714.ref019], [@pgen.1007714.ref023], [@pgen.1007714.ref047]--[@pgen.1007714.ref050]\]. NtrC-like RRs also continue to be discovered as important transcriptional regulators controlling diverse biological processes in diverse bacterial species \[[@pgen.1007714.ref051]--[@pgen.1007714.ref054]\]. For example, NtrC-like RRs and σ^54^ play critical roles in processes exterior to the bacterial cell, such as lipopolysaccharide production, EPS production, and motility \[[@pgen.1007714.ref024]\]. *M*. *xanthus* encodes at least 27 NtrC-like RR and many of these likely arose by gene duplication during the evolution of ∂-proteobacteria \[[@pgen.1007714.ref027]\]. *M*. *xanthus* NtrC-like RRs are known to regulate such complex behaviors as multicellular fruiting body formation, sporulation, T4P-dependent social motility, and predation \[[@pgen.1007714.ref003], [@pgen.1007714.ref025], [@pgen.1007714.ref026], [@pgen.1007714.ref029], [@pgen.1007714.ref030], [@pgen.1007714.ref032], [@pgen.1007714.ref033], [@pgen.1007714.ref035], [@pgen.1007714.ref036], [@pgen.1007714.ref055]\]. There is also evidence that there are hierarchal and/or overlapping transcriptional programs mediated by these complex TCS networks \[[@pgen.1007714.ref003], [@pgen.1007714.ref033]\]. Therefore, *M*. *xanthus* is an ideal organism to study how these complex networks regulate the flow of information in a global cellular context.

In this study, we have identified a TCS with no previously described function that includes an NtrC-like RR that we propose indirectly modulates *pilA* expression and therefore T4P-dependent social motility of *M*. *xanthus*. We have named the system [N]{.ul}trC [M]{.ul}odulator of [P]{.ul}ili (Nmp). Interestingly, the gene encoding NmpR was previously disrupted by insertional mutagenesis and found to have no motility or developmental phenotype \[[@pgen.1007714.ref025]\]. The lack of a phenotype in that background is consistent with our observation that NmpR function was only revealed under standard laboratory conditions via bypass suppressor mutations that arose to restore motility in the absence of PilR. Remarkably, the same selective pressure to restore motility in order to obtain nutrients has been observed elsewhere, such as in *Pseudomonas fluorescens* where a deletion of *fleQ*, an NtrC-like RR necessary for expression of flagellum biosynthesis machinery, was rescued by suppressor mutations in *ntrB* (the SK of the NtrBC system) that lead to hyperphosphorylation of NtrC \[[@pgen.1007714.ref056]\].

The Nmp signaling system described here adds to the already complex picture of gene regulation for the control of social motility in *M*. *xanthus* \[[@pgen.1007714.ref026], [@pgen.1007714.ref034], [@pgen.1007714.ref035], [@pgen.1007714.ref057], [@pgen.1007714.ref058]\] and is composed of at least four components: the SK NmpU (Mxan_4246), a putative phospho-sink NmpT (Mxan_4245), an atypical hybrid SK NmpS (Mxan_4244), and a final output RR NmpR (Mxan_4240) ([Fig 9](#pgen.1007714.g009){ref-type="fig"}). Notably, within other members of the ∂-proteobacteria lineage, *nmpRSTU* comprise one contiguous locus ([S2 Fig](#pgen.1007714.s004){ref-type="supplementary-material"}), emphasizing their function as a unit within this clade. In contrast, genomes of more distantly related ∂-proteobacteria (e.g. Desulfovibrionales and Desulfuromonadales orders) contain only a homologue of the SK, NmpU ([S2 Fig](#pgen.1007714.s004){ref-type="supplementary-material"}). Yet, there are examples of homologues of *nmpSTU* in diverse bacterial species including *Planctomyces sp SH-PL14* ([S2 Fig](#pgen.1007714.s004){ref-type="supplementary-material"}). Like *M*. *xanthus*, Planctomycetes are bacteria that have a complex lifecycle, are found in soil, and have extracellular appendages \[[@pgen.1007714.ref059], [@pgen.1007714.ref060]\]. Collectively, these observations suggest that the NmpRSTU signaling unit has been gained (or lost) throughout evolution within the ∂-proteobacteria and that horizontal gene transfer between species within this clade and between distantly related clades may have been common. As genomic sequences of previously unappreciated bacteria become more common-place and publicly available \[[@pgen.1007714.ref061]--[@pgen.1007714.ref065]\], this signaling system may be revealed to be more widespread than currently appreciated.

A homologue of NmpU (AfGcHK) exists within a closely related myxobacterial species, *Anaeromyxobacter sp*. *Fw109-5* ([S2 Fig](#pgen.1007714.s004){ref-type="supplementary-material"}). Autophosphorylation of this kinase occurs when oxygen is bound to an iron molecule found within the heme co-factor of its protoglobin domain ([Fig 2C](#pgen.1007714.g002){ref-type="fig"}) \[[@pgen.1007714.ref066]\]. *Anaeromyxobacter* species are considered anaerobic, but they likely evolved from an aerobic ancestor within the δ-proteobacteria lineage \[[@pgen.1007714.ref067]\]. Moreover, *Anaeromyxobacter dehalogenans* produced motility flares under aerobic conditions indicating this organism is aerotolerant and may utilize the protoglobin sensor AfGcHK (NmpU) to respond to oxygen concentrations to influence motility. Protoglobin sensors are part of the family of globin-coupled sensors found in the majority of bacterial species and in some archaea and fungi \[[@pgen.1007714.ref068]--[@pgen.1007714.ref072]\]. They are known to regulate physiological events in response to oxygen, such as aerotaxis of *Bacillus subtilis* and the archaeon *Halobacterium salinarum* \[[@pgen.1007714.ref073]\]. Thus, we propose that this multi-component signaling system finely tunes the expression of *pilR* (and by extension *pilA*) in response to oxygen concentrations. During oxygen rich conditions, we propose the SK NmpU is "on" and autophosphorylates as the first step of this pathway ([Fig 9](#pgen.1007714.g009){ref-type="fig"}). It is worth noting that *M*. *xanthus* is thought of as an obligate aerobe and so under laboratory conditions cells are grown and assayed in oxygen replete conditions. We therefore hypothesize NmpU is typically "on" in laboratory settings, keeping NmpR unphosphorylated and unable to affect downstream promoter targets ([Fig 9](#pgen.1007714.g009){ref-type="fig"}). In natural settings, *M*. *xanthus* must encounter environments with varying oxygen concentrations, perhaps within the soil column or during multicellular development, so therefore likely encodes the ability to respond to an oxygen gradient.

Following autophosphorylation, the NmpU homologue of *A*. *dehalogenans Fw109-5* mentioned above preferentially transfers the phosphoryl group to the first receiver domain of the NmpT homologue \[[@pgen.1007714.ref046], [@pgen.1007714.ref066]\]. Our analysis fits with that data, as NmpU phosphorylated RR1 of NmpT, but not RR2 ([Fig 6B](#pgen.1007714.g006){ref-type="fig"}). We expanded the known partners of NmpU by demonstrating that this kinase also phosphorylates the receiver domain of the hybrid SK NmpS which is encoded immediately downstream of NmpT. Remarkably, the specificity residues (amino acids that confer cognate SK/RR specificity \[[@pgen.1007714.ref010], [@pgen.1007714.ref011], [@pgen.1007714.ref074]\]) are nearly identical between the RR1 domain of NmpT and the receiver domain of NmpS ([Fig 6F](#pgen.1007714.g006){ref-type="fig"}) which explains the ability of NmpU to phosphorylate both receiver domains. We propose that phosphorylation of NmpS maintains it in an "off" state ([Fig 7](#pgen.1007714.g007){ref-type="fig"}). This conclusion is supported in part by the fact that deletion of *nmpS* was epistatic to the null mutations of *nmpU* ([Fig 5B and 5D](#pgen.1007714.g005){ref-type="fig"}) and that a NmpS D59A construct displayed increased autokinase *in vitro* and was able to rescue motility of the Δ*pilR* strain *in vivo* ([Fig 7](#pgen.1007714.g007){ref-type="fig"}). Interestingly, hybrid SKs with an amino-terminal receiver domain and carboxyl-terminal histidine kinase domain, such as NmpS (Figs [2](#pgen.1007714.g002){ref-type="fig"} and [7](#pgen.1007714.g007){ref-type="fig"}), may utilize the receiver domain as a "sensing domain" that regulates kinase function. For example, the function of a similar hybrid kinase, EsxG of *Rhizobium* NT-26, is controlled via phosphorylation of its amino-terminal receiver domain \[[@pgen.1007714.ref075]\]. Phosphorylation of EsxG is provided by another SK and promotes a closed EsxG conformation that is then unable to phosphorylate its own downstream cognate RR. Additionally, at least one other hybrid kinase with the same domain architecture as NmpS is Lvr, a SK important for virulence of *Leptospira interrogans*. Like NmpS, Lvr retains wild-type levels of autokinase activity when the conserved aspartic acid was substituted with alanine \[[@pgen.1007714.ref076]\]. We expect that the receiver domain of NmpS impacts the conformation of individual monomers of this kinase, but could also affect the oligomeric state of a collection of NmpS monomers. The phosphorylation state and stoichiometry of all components of the Nmp pathway will ultimately determine the SK on/off states of NmpS, and will inform us on the regulation of atypical SKs broadly. These mechanisms of NmpS kinase regulation will be one area of further study.

We propose that the "switch" of the Nmp pathway occurs during oxygen depleted conditions (or when NmpU is mutated to be non-functional) when NmpU no longer phosphorylates NmpS. In the absence of phosphorylation of NmpS, the second branch of the pathway becomes "on". NmpS is then kinase active, phosphorylates NmpR, leads to modulation of *pilR* and modulates *pilA* expression ([Fig 9](#pgen.1007714.g009){ref-type="fig"}). The conclusion that NmpR is the output of this multi-component pathway is supported by: 1) deletion of *nmpR* was epistatic to *nmpU* mutations ([Fig 5B and 5D](#pgen.1007714.g005){ref-type="fig"}), 2) unique *nmpR* suppressor mutations arose in a strain in which NmpU or NmpS was non-functional or deleted, respectively ([Fig 5C](#pgen.1007714.g005){ref-type="fig"}), 3) attempts to isolate further suppressor mutations in a Δ*pilR*Δ*nmpR* strain were unsuccessful, and 4) NmpR specifically binds a DNA region upstream of a σ^54^ binding site in proximity to the *pilR* start codon that is necessary for the suppressor phenotype ([Fig 8](#pgen.1007714.g008){ref-type="fig"}).

In further support of our model, we demonstrate that NmpSR must be "on" to modulate *pilR* expression ([Fig 9](#pgen.1007714.g009){ref-type="fig"}). First, suppressor mutations that seem to confer activation of the RR NmpR allowed for restored motility ([Fig 4](#pgen.1007714.g004){ref-type="fig"}). One of these activating mutations that we characterized in depth, V87E, was necessary and sufficient for the restored motility ([Fig 3](#pgen.1007714.g003){ref-type="fig"}). Furthermore, the NmpR D54A allele that cannot be phosphorylated is unable to restore motility while the phosphomimetic NmpR D54E is sufficient to restore motility ([Fig 3B](#pgen.1007714.g003){ref-type="fig"} and [Fig 5D](#pgen.1007714.g005){ref-type="fig"}). Second, suppressor mutations that confer activation of NmpR to restore motility (including V87E) were identified in the well-conserved α-helix 4 within the RR receiver domain which contains several surface exposed amino acids ([Fig 4](#pgen.1007714.g004){ref-type="fig"}). Structural and functional analysis of both NtrC and RRs in general, have indicated that this helix undergoes significant conformational changes between the inactive and active state, making close intermolecular contacts with the SK \[[@pgen.1007714.ref077]\] and direct intramolecular contacts with the σ^54^ activation ATPase domain and dimer interface \[[@pgen.1007714.ref018], [@pgen.1007714.ref019], [@pgen.1007714.ref047]--[@pgen.1007714.ref050], [@pgen.1007714.ref078]\]. Indeed, NmpR V87E was phosphorylated by NmpS *in vitro*, and is sufficient to restore motility *in vivo*. Collectively, the data suggests that the V87E mutation promotes the activated state of NmpR.

Another key mutation suggests that the constitutively active form of NmpR promotes motility. Specifically, the K104N mutation ([Fig 4](#pgen.1007714.g004){ref-type="fig"}) occurs at a position that is nearly 100% conserved in all RR, regardless of family. This lysine forms hydrogen bonds with the phosphoryl group and is critical for the ability to turn the RR "off" (i.e. be dephosphorylated). Alteration at this lysine position to a related but distinct amino acid, such as asparagine or arginine, allows the RR to be phosphorylated but not dephosphorylated. For example, when this conserved lysine of *E*. *coli* CheY (K105) is altered to an arginine (K105R) it has significantly reduced dephosphorylation rates and remains in the "on" state \[[@pgen.1007714.ref079], [@pgen.1007714.ref080]\]. Similar mutational analysis at the same lysine position has also been demonstrated in NtrC \[[@pgen.1007714.ref081], [@pgen.1007714.ref082]\].

Importantly, we observed several additional mutations in NmpR that activate motility but have not been identified or characterized for activation of RRs in other organisms. Future studies of how these mutations confer activation to this NtrC-like RR will be important in our understanding of bacterial gene regulation, generally, but also in the context of important RR virulence factors and our potential in targeting these proteins with novel antibiotics \[[@pgen.1007714.ref083], [@pgen.1007714.ref084]\]. Finally, given several notable properties of this newly described pathway, future investigations have the potential to further our understanding of the dynamics of complex TCS signaling, atypical regulation of hybrid SKs, functions of protoglobin containing sensors, and global cellular NtrC-like RR networks.

Materials and methods {#sec014}
=====================

Bacterial strains and growth {#sec015}
----------------------------

All *M*. *xanthus* strains are listed in Table S1. *E*. *coli* DH5α and TOP10 (Life Technologies, Grand Island, NY) strains were used for cloning and grown in LB (Becton-Dickinson, Franklin Lakes, NJ) at 37°C. *E*. *coli* BL21 DE3 (Life Technologies, Grand Island, NY) was used for protein production and were grown in Terrific Broth. *M*. *xanthus* strains were cultivated in Casitone Yeast Extract (CYE) medium \[[@pgen.1007714.ref085]\] at 32°C with shaking at 220 rpm. *M*. *xanthus* was grown on agar plates at 1.5% agar, except in motility assays where 0.5% agar was used. For all experiments, the *M*. *xanthus* DZ2 strain was used as the wild-type strain \[[@pgen.1007714.ref086]\]. Kanamycin was used at a final concentration of 50 μg ml^-1^, tetracycline at 10 μg ml^-1^, and spectinomycin at 100 μg ml^-1^ (*E*. *coli*) or 1 mg ml^-1^ (*M*. *xanthus*), when required.

DNA handling and sequence analysis {#sec016}
----------------------------------

PCR reactions were performed using Failsafe polymerase with Buffer K (Epicentre Technologies, Madison, WI) or high-fidelity Phusion polymerase with the manufactured suggested protocol (New England Biolabs, Ipswich, MA). All primers (Table S2) were supplied by Integrated DNA Technologies (Coralville, IA) and were designed based on sequences obtained from the Microbial Signal Transduction Database (MIST2.2, \[[@pgen.1007714.ref087]\]). PCR products used for cloning or deletion mutant construction were initially cloned into the pCR2.1-TOPO vector (Life Technologies, Grand Island, NY) and sequence verified (Nevada Genomics Sequencing Center, Reno, Nevada). DNAStar software (Lasergene 7.2) was used for sequence analysis. Whole genome sequencing of *M*. *xanthus* DZ2, the Δ*pilR* parental strain, and all suppressor mutants reported in this paper was performed by the University of Iowa Institute of Human Genetics, Genomics Division on the Illumina MiSeq Sequencer with 2x250 bp reads. DNAStar software (Lasergene 7.2) was used for genome alignment and mutation identification based on the *M*. *xanthus* DK1622 annotated genome \[[@pgen.1007714.ref027]\]. The mean genomic coverage for all samples was \>60x and suppressor mutations identified by a 95% cut-off. Identified mutations were confirmed by traditional Sanger-sequencing methods.

Construction and complementation of mutants {#sec017}
-------------------------------------------

In-frame deletions of *M*. *xanthus* were constructed essentially as described elsewhere \[[@pgen.1007714.ref026], [@pgen.1007714.ref088]\]. Briefly, to construct in-frame deletions, approximately 800 bp fragments upstream and downstream of each gene to be deleted was amplified and cloned into pBJ113 \[[@pgen.1007714.ref089]\]. Final plasmid constructs were electroporated into appropriate strains of *M*. *xanthus* \[[@pgen.1007714.ref090]\]. Transformants were selected on CYE agar with kanamycin and screened for proper insertion of the plasmid by PCR, followed by counterselection on galactose \[[@pgen.1007714.ref091]\]. All final deletion mutants were verified by PCR using primers spanning the deletion junction and/or internal to the gene deletion. Complementation of each gene was achieved by cloning the entire opening reading frame down-stream of the heterologous high-expression *groES* promoter (623 bp upstream of *mxan_4894* \[[@pgen.1007714.ref043], [@pgen.1007714.ref044]\]; [S1 Fig](#pgen.1007714.s003){ref-type="supplementary-material"}) or, the putative native promoter of *nmpR* (585 bp upstream of *mxan_4236*; [Fig 2A](#pgen.1007714.g002){ref-type="fig"}). Mutagenesis of vector constructs was done with QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies) or Q5 Site-Directed Mutagenesis Kit (New England Biolabs) per the manufacturer's instructions and constructed mutations sequenced verified. The plasmid pSUM117 was used to integrate the complementation constructs into the Mx9 phage attachment site. This plasmid is a pBCKS+ derivative that contains the attPMx9 site for integration. Final clones were again verified by PCR.

T4P-dependent motility and motility-related phenotypic analysis {#sec018}
---------------------------------------------------------------

T4P-dependent motility assays were performed as previously described \[[@pgen.1007714.ref040]\]. Briefly, cultures were grown overnight to log phase. Cells were washed in MMC buffer (20 mM MOPS, pH 7.6, 4.0 mM MgSO~4~, 2 mM CaCl~2~), suspended in MMC to \~2x10^9^ CFU ml^-1^, and 10 μl cell suspensions spotted onto dry CYE 0.5% agar plates for growth/motility at 32°C. Overall motility rates were determined by measuring the diameter of the spreading colony at 24 hour intervals for five days. The reported rates reflect the average slope of at least three colonies. An unpaired t-test was used to analyze the significance of the differences of motility rate relative to wild-type or Δ*pilR* motility (p\<0.05 considered significant). Motility assays were monitored by microscopy using a Nikon SMZ10000 dissecting microscope. Images were taken using a QImaging Micropublisher charge-coupled device camera and processed with QCapture software. While we attempted to replicate motility conditions between samples, the experiments presented in this study were not all done at the same time. Individual images are representative of multiple observations. To assess the sedimentation of *M*. *xanthus* cells, assays were conducted as described previously \[[@pgen.1007714.ref035]\] by measuring the optical density at 600 nm of standing cell suspensions prepared as for the motility assays. The reported sedimentation percentage is the remaining optical density relative to the original optical density of each strain after two hours. Quantitative measurement of EPS production was conducted as previously described \[[@pgen.1007714.ref092]\] by again preparing cell suspensions in MMC buffer to \~2x10^9^ CFU ml^-1^ with a final concentration of 30 μg ml^-1^ trypan blue in each preparation. The trypan blue was incubated with the cells for 30 min at room temperature, at which time the cells were pelleted and the supernatant removed. Remaining trypan blue in the supernatant was measured by absorbance at 585 nm. Initial trypan absorbance was measured with control samples of trypan blue in which no cells were included. Relative amount of trypan blue binding for each strain was compared to wild-type, which was set at 100%.

Detection of PilA by western blot {#sec019}
---------------------------------

*M*. *xanthus* strains were grown overnight to log phase, pelleted, suspended in 10 mM Tris-HCl pH 7.5, and lysed by sonication. Total protein content was determined by Bradford assay and cell lysates were loaded on a 12% SDS-PAGE gel normalized to total protein concentration. After electrophoresis, the gel was blotted onto a PVDF membrane, blocked with 5% skim milk, and incubated with anti-PilA antiserum \[[@pgen.1007714.ref035]\] at 1:5000 followed by secondary anti-rabbit horseradish-peroxidase-coupled antibody (Sigma) at 1:10,000. Detection was performed using Western Lightning-ECL (PerkinElmer).

β-galactosidase assay {#sec020}
---------------------

To assess the activity of the *groES* promoter, the same promoter used for complementation experiments was incorporated upstream of *lacZ*. This plasmid is a pSUM117 derivative containing a *lacZ* reporter and attPMx9 attachment site for integration. Incorporation of the plasmid in single copy at the Mx9 phage attachment site was confirmed by PCR. Expression of *groES* in the resulting strains was assessed following lawn growth on CYE plates for four hours. Cells were scraped from the multiple plates and pooled. To quantify β-galactosidase activity, bacteria were pelleted, suspended in Z-buffer, and lyzed by sonication. Total protein concentration was determined with Bradford reagent and spectrophotometry. Activity was quantified by incubation of normalized cell lysates at 37°C with o-nitrophenol and presented as Miller units ((OD~420~/mg protein \* time in minutes)\*1000).

Protein purification and in vitro phosphotransfer experiments {#sec021}
-------------------------------------------------------------

All proteins were purified using a standard column purification protocol \[[@pgen.1007714.ref012]\]. All proteins were expressed using the isopropyl-β-D-thiogalactopyranoside (IPTG)-inducible vector pET28a (Novagen). For purification, *E*. *coli* BL21 DE3 strains containing an expression vector was grown in 100 ml Terrific Broth in a 250-ml Erlenmeyer flask at 37°C with protein expression induced with 1 mM IPTG. After overnight incubation at 16°C, cells were pelleted at 8,000g for 15 min. When necessary, pellets were stored at -20°C until purification. Cell pellets were thawed, suspended in 10 ml of cell lysis buffer (25 mM Tris pH 7.6, 125 mM NaCl, 5 mM imidazole, 1% Triton X-100, and 0.625 g of CelLytic Express (Sigma-Aldrich). Cells were incubated for 1 h before lysates were clarified by centrifugation at 8,000 g. One ml of His-Select cobalt affinity resin (Sigma-Aldrich) was equilibrated in wash buffer (25 mM Tris pH 7.6, 125 mM NaCl, 5 mM imidazole, 1% Triton X-100). Whole cell lysates were equilibrated over the resin by gravity, washed once with 10 ml of wash buffer, twice with 10 ml wash buffer with 20 mM imidazole, and finally eluted with 5 ml of elution buffer (25 mM Tris \[pH 7.6\], 125 mM NaCl, 250 mM imidazole). Samples were dialyzed overnight at 4°C against dialysis buffer (25 mM Tris pH 7.6, 125 mM NaCl, 1 mM dithiothreitol, 1% Triton X-100, 50% glycerol, 0.5 mM EDTA). Protein purity was assessed by standard denaturing gel electrophoresis, and concentration determined using the Bradford reagent. All purified proteins were stored in dialysis buffer at -20°C.

Kinase assays were performed as described previously \[[@pgen.1007714.ref012]\]. Briefly, 5 μl of 50 μM SK stock was added to 5 μl 10x kinase buffer (250 mM Tris \[pH 7.6\], 500 mM KCl, 10 mM MgCl2, 10 mM MnCl2, 10 mM CaCl2 and 10 mM β-mercaptoethanol) and 35 μl dH2O. Reaction mixtures were incubated at room temperature and started by the addition of 5 μl of an ATP mix (250 μM ATP, 3 μM \[γ-^32^P\]ATP). Aliquots were removed at various time points and stopped by the addition of an equal volume of 4x SDS loading buffer. Samples were resolved by electrophoresis on 12% SDS-polyacrylamide gels. Gels were exposed for 3 hours to a phosphor screen and visualized using a Typhoon Imager (GE). For phosphotransfer profiling, kinases were allowed to autophosphorylate for two hours until maximal phosphorylation levels were reached. A 5 μl aliquot of the phosphorylated SK was mixed with 5 μl of 10 μM RR, and reactions were stopped at various times by addition of 4x SDS loading buffer. Incorporation of labeled phosphoryl groups was analyzed as detailed above and figure images are representative of multiple experiments.

Electromobility shift assays {#sec022}
----------------------------

Full-length wild-type NmpR was expressed, purified, and quantified as above. DNA probes were generated by PCR with Failsafe polymerase with Buffer K (Epicentre Technologies, Madison, WI), purified with Qiagen QIAquick PCR Purification Kit, and quantified by spectrophotometry. Probes were diluted in 10 mM Tris-HCl, pH8.5 to 100 fmol/μl with a final quantity of 200 fmol used per individual binding reaction. Probes were incubated with increasing concentrations of NmpR, as indicated, in a reaction containing a final concentration of 20 mM Hepes pH 7.6, 1 mM EDTA, 10 mM (NH~4~)~2~SO~4~, 1 mM DTT, Tween 20 0.2%, and 30 mM KCl. Reaction conditions were determined empirically in our laboratory but were based on recommendations from the DIG Gel Shift Kit (Sigma-Aldrich). NmpR was incubated with the DNA probes for 15 minutes at room temperature and then loaded on 8% acrylamide non-denaturing PAGE gels (8% acrylamide, 10 mM Tris-HCl, 1 mM EDTA, 400 mM glycine). Gels were resolved at 60 v for \~2 hours, then stained with ethidium bromide (10 μg per 10 ml H~2~O) for 15 minutes prior to visualization. Presented images are representative of reproducible independent reactions.

Bioinformatic identification of TCS homologues {#sec023}
----------------------------------------------

Several online software platforms were utilized to identify homologues of NmpRSTU. Protein sequences and some synteny analysis were obtained from the Mist 2.2 database \[[@pgen.1007714.ref087]\]. Homologues were also identified by blastp ([blast.ncbi.nlm.nih.gov](http://blast.ncbi.nlm.nih.gov)) against δ-proteobacteria (taxid:28221) specifically, or by excluding δ-proteobacteria. Homologues and synteny were also identified at Pfam ([pfam.xfam.org](http://pfam.xfam.org); \[[@pgen.1007714.ref093]\]) and SyntTax (archaea.u-psud.fr/synttax/; \[[@pgen.1007714.ref094]\]). The structure of NmpR was unbiasedly modeled using SWISS-MODEL ([swissmodel.expasy.org](http://swissmodel.expasy.org)) \[[@pgen.1007714.ref095]\].

Supporting information {#sec024}
======================

###### Strains and plasmids used in this study.
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Click here for additional data file.

###### Primers used in this study.

(DOCX)
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Click here for additional data file.

###### Expression from the *groES* promoter.

To determine if the *groES* promoter was reasonable to use for complementation experiments, a *groES*-*lacZ* reporter was constructed and transformed into relevant strains used in this research. The Miller Units reported in this Figure are directly comparable to the levels of the *pilA* reporter: ((OD~420~/mg protein \* time in minutes)\*1000). The levels of *groES* expression are essentially identical between the strains tested here, when assayed following growth on a hard agar surface.
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###### 

Click here for additional data file.

###### Homologues of NmpR (Mxan_4240), NmpS (Mxan_4244), NmpT (Mxan_4245), and NmpU (Mxan_4246) exist in other species with shared synteny.

Some members of the ∂-proteobacteria contain homologues of the multi-component signaling pathway (NmpR = blue, NmpSTU in shades of red) (A). Mxan_4236 (purple) is a CBS domain protein and serves as a convenient landmark of the genomic location (A). Only a NmpU homologue could be identified in more distantly related ∂-proteobacteria (B). Shared synteny was also identified outside of the ∂-proteobacteria (C) and multiple examples of NmpU/NmpT homologues (D) were identified outside of the ∂-proteobacteria. Those species identified with a \* are all members of the Planctomycetes phylum. Collectively, these observations suggest these genes have been exchanged by horizontal gene transfer followed by divergent evolution of domain architectures.
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###### 

Click here for additional data file.
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